In vertebrates, perception of sound, motion, and balance is mediated through mechanosensory hair cells located within the inner ear. In mammals, hair cells are only generated during a short period of embryonic development. As a result, loss of hair cells as a consequence of injury, disease, or genetic mutation, leads to permanent sensory deficits. At present, cochlear implantation is the only option for profound hearing loss. However, outcomes are still variable and even the best implant cannot provide the acuity of a biological ear. The recent emergence of stem cell technology has the potential to open new approaches for hair cell regeneration. The goal of this review is to summarize the current state of inner ear stem cell research from a viewpoint of its clinical application for inner ear disorders to illustrate how complementary studies have the potential to promote and refine stem cell therapies for inner ear diseases. The review initially discusses our current understanding of the genetic pathways that regulate hair cell formation from inner ear progenitors during normal development. Subsequent sections discuss the possible use of endogenous inner ear stem cells to induce repair as well as the initial studies aimed at transplanting stem cells into the ear.
Introduction
Hearing loss is one of the most common disabilities in industrial nations. Approximately 12% to 17% of American adults (roughly 40 million people) report some degree of hearing loss (Lam, Lee, Gomez-Marin, Zheng, & Caban, 2006; Lee, Gomez-Marin, Lam, & Zheng, 2004 , quick statistics by the National Institute on Deafness and Other Communication Disorders, 2010, http://www.nidcd.nih.gov/ health/statistics/Pages/quick.aspx) and this number can be expected to increase as a result of increased life expectancy. Moreover, although a large number of children in the United States are diagnosed with conductive hearing loss due to otitis media, Eustachian tube dysfunction, or malformation of middle and external ear, between 2 and 3 out of every 1,000 children born in the United States have some degree of congenital sensorineural hearing loss (SNHL; Mehra, Eavey, & Keamy, 2009; Todd, 1994) , which typically indicates damage to one or more components of the peripheral auditory pathway such as the cochlea and/or spiral ganglion neurons. SNHL is generally irreversible and can progress from mild hearing impairment to severe or profound deafness. The prevalence of hearing disorders combined with the lack of recovery makes the treatment of SNHL a major challenge in the area of otology and audiology.
Hearing aids can be used effectively for patients with moderate to severe hearing loss, however, only one out of five people who could benefit from a hearing aid actually wears one (Larson et al., 2000) . For individuals with profound SNHL, a cochlear implant is the sole option for hearing rehabilitation. While the development of the cochlear implant has been remarkable, the prognosis for those individuals receiving an implant is still variable and, even with the best outcomes, normal hearing is not restored. Therefore patients with severe SNHL would welcome alternative strategies, and in particular, medical treatments for hearing rehabilitation.
In most cases of SNHL, the primary pathology is the loss of mechanosensory hair cells located within the sensory epithelium (the organ of Corti) of the cochlea. The survival and/or death of a hair cell can be influenced by exposure to a variety of factors, including loud sounds, environmental toxins, and 440336T IAXXX10.1177/108471381244033 6Okano and KelleyTrends in Amplification 1 ototoxic drugs. Aging, genetic background, and mutations in "deafness" genes also contribute to hair cell death. As will be discussed below, in mammals hair cells are only generated during a relatively brief period in embryogenesis. In the mature organ of Corti, once a hair cell dies, it is not replaced. Instead, the loss of a hair cell leads to rapid changes in the morphology of surrounding cells to seal the opening in the reticular lamina that results from the loss of a hair cell (Lenoir et al., 1999; Raphael, 2002) . In contrast with mammals, birds and all other vertebrates have been shown to add and/or regenerate hair cells and auditory function throughout their lives (Corwin, 1981 (Corwin, , 1985 Corwin & Cotanche, 1988; Ryals & Rubel, 1988) . Additional experiments demonstrated that these regenerated hair cells arise from a population of stem/progenitor cells that reside within the sensory epithelia. Similarly, whereas mammals lack the capacity to regenerate hair cells, other mammalian organs, such as skin, liver, and blood cells, are regularly regenerated. In each of these cases, the process of cell replacement is dependent on the presence of tissue-specific stem/ progenitor cells that are characterized by two main properties: self-renewal and the ability to differentiate into tissuespecific cell types. These results, along with many other recent publications, have demonstrated the immense promise in the development of stem cells as therapeutic agents (Hanna, Saha, & Jaenisch, 2010; Saha & Jaenisch, 2009) . This review will focus on the current state of inner ear stem cell research from the viewpoint of their potential application in the treatment of inner ear disorders (Figure 1 ). First, we will discuss the anatomical development of the cochlea and introduce molecular factors that regulate inner ear developmental events that may have the potential to direct stem cells toward a hair cell fate. Next, we will discuss the phenotypic and functional features of potential stem/progenitor cells within the inner ears of both nonmammals and mammals. Finally, we will discuss existing studies in which stem cells have been transplanted into the cochlea to determine whether those cells can give rise to new hair cells or, alternatively, could be used to indirectly facilitate regenerative responses in other ways.
Anatomic Development of the Inner Ear
Over the past two decades, the development of innovative molecular biological techniques, in particular the creation of multiple transgenic and mutant mouse lines, has led to a remarkable increase in the number of studies examining inner ear development. As a result, our understanding of the genes and cellular interactions that regulate different aspects of inner ear morphogenesis has increased dramatically. At the same time, parallel studies of hair cell regeneration in model systems such as chicken and zebrafish have demonstrated that many of the molecular pathways required for the initial development of hair cells are recapitulated during a regenerative response. These results highlight the importance of increasing our understanding of the basic development of the inner ear. Therefore, in this section and the next, we will review the physical development of the inner ear and then discuss the present level of understanding of the molecular processes that regulate different aspects of inner ear development in the mouse, with a particular focus on factors that regulate multipotency and differentiation of inner ear sensory progenitors.
The inner ear begins as a placodal thickening (the otic placode) in the surface ectoderm that is induced by the adjacent dorsal hindbrain and the underlying mesoderm, around E8 in mice ( Figure 2 ). Virtually all of the cells that will comprise the membranous labyrinth of the inner ear are derived from cells that were originally located in the placode. The only exceptions are melanocytes located in the stria vascularis and Schwann cells located in the spiral ganglion, both of which are derived from neural crest. Following its formation, the otic placode invaginates beneath the surface ectoderm to form the otic cup. As the invagination process continues, the lateral edges of the cup eventually converge and fuse to form a fluid filled cyst, referred to as the otocyst. Soon after the otocyst forms, a population of neuroblasts delaminate from the ventral anterior region and migrate into the adjacent mesoderm where they coalesce to form the auditory and vestibular ganglia. The specification of these otic neuroblasts represents the earliest cell fate decision that takes place in the inner ear (Fekete & Wu, 2002) . Concomitant with the Figure 1. Current approaches toward hair cell regeneration in the inner ear Schema illustrates how mutually complementary studies promote and refine stem cell therapy for inner ear disease. Understanding of the developmental biology of sensory cells in the inner ear should provide molecular pathways for the generation of hair cells from stem/progenitor cells. Gene therapies and drug delivery systems designed for endogenous repair of inner ear sensory epithelia will affect the number of progenitor cells and their cell fate. Finally, cell transplantation into the inner ear appears to be relatively safe but has shown minor impact on reorganization of the sensory epithelia to date.
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Trends in Amplification 16 (1) delamination of otic neuroblasts, gene expression studies suggest that the otocyst becomes regionally patterned along several different axes, also referred to as compartmentalization (Fekete & Wu, 2002) . Soon after this period (E11), a narrow extension originating in the dorsomedial region of the otocyst begins to extend toward the brain to form the endolymphatic duct and sac. Beginning around the same time, the ventral region of the otocyst extends On the left anatomical development of the whole mouse embryo is illustrated with the primordia of the eye (light gray) and inner ear (dark gray) highlighted. Development of the membranous labyrinth at the corresponding embryonic stage are shown in the middle column. At E9, common inner ear stem cells form an ectodermal thickening, the otic placode, which is located adjacent to rhombomeres 5 and 6 of the neural plate. Blue line shows the cross section of the neural plate and the otic placode demonstrated in the middle column. By E10.5, the otic placode invaginates and closes to form an epithelial sac, the otocyst. Next, the otocyst undergoes morphogenetic changes, including the extension of the endolymphatic duct and sac in the posterior dorsal and the elongation of the cochlear duct in the anterior ventral. Finally, by this stage the rudiment of the statoacoustic ganglia has formed adjacent to the otocyst. At E13.5, the cochlear duct is less than a single turn and cells have reached the prosensory stage. By E17, the cochlear duct has grown nearly its complete length and sensory cell commitment is largely complete. and coils to form the cochlear duct. Within the cochlear duct, as well as in other regions of the otocyst, cells become specified to develop as the sensory patches that will contain mechanosensory hair cells and nonsensory supporting cells. At this stage, cells within these developing sensory patches are referred to as the sensory progenitors or prosensory cells, because they are multipotent cells with the ability to give rise to different types of hair cells and supporting cells.
Immediately after specification of the cochlear prosensory domain, a subsequent important step is the regulation of the number of cells within this domain. This is particularly important in the organ of Corti where the number of hair cells and supporting cells is highly regular but apoptotic cell death is minimal. This suggests a crucial role for the regulation of cell number. Terminal mitosis within the cochlear prosensory cell population begins at the apex at E12.5 and then proceeds toward the base in a gradient. As is implied by the use of the word "terminal," once prosensory cells become postmitotic, reentry into the cell cycle seems to be virtually impossible.
Following terminal mitosis, prosensory cells become committed to a specific cellular phenotype and then undergo cellular differentiation as a specific type of hair cell or supporting cell. In contrast to the gradient of terminal mitoses, cellular differentiation occurs initially in the base and then proceeds in a gradient toward the apex of the cochlea.
Molecular Development of the Inner Ear
At the otic placode stage, all of the cells within the placode express the transcription factors Pax8, Dlx5, and Pax2 (Noramly & Grainger, 2002) . Pax8 is the first of these genes to be expressed, suggesting a possible role in otic induction. However, inner ear development is normal in Pax8 null mice (Mansouri, Chowdhury, & Gruss, 1998) indicating that the effects of Pax8 are either redundant with another gene or may be compensated for in response to deletion. In contrast with Pax8, which is broadly expressed throughout the formation of the otic vesicle, Pax2 becomes restricted to the ventral medial region by the otic vesicle stage (Nornes, Dressler, Knapik, Deutsch, & Gruss, 1990) . Deleting Pax2 in the mouse inner ear leads to agenesis or severe malformation of the cochlea along with varying degrees of defects in the vestibular region of the inner ear and in the auditory and vestibular ganglia (Burton, Cole, Mulheisen, Chang, & Wu, 2004; Favor et al., 1996; Torres, Gomez-Pardo, & Gruss, 1996) . Dlx5 becomes restricted to the dorsolateral compartment of otic vesicle and deletion affects the morphogenesis of sensory and nonsensory vestibular structures, characterized by the absence of one to three of the semicircular canals and a shortening of the endolymphatic duct. In addition, the utricle and saccule develop with slightly abnormal maculae (Acampora, Merlo, et al., 1999; Merlo et al., 2002) . These results are consistent with roles for Pax2 and Dlx5 in the specification of ventral and dorsal structures, respectively, during the early formation of the otocyst. Unfortunately, similar insights regarding the role of Pax8 will require further studies.
As discussed, one of the first events that occurs following formation of the otocyst is the delamination of otic neuroblasts. The formation of these neuroblasts requires expression of the neurogenic basic-helix-loop-helix (bHLH) transcription factor Neurogenin1 (Ngn1) (Q. Ma, Anderson, & Fritzsch, 2000; Rubel & Fritzsch, 2002) . Forced expression of Ngn1 is also sufficient to induce neuronal phenotypes within inner ear epithelial cells (Puligilla, Dabdoub, Brenowitz, & Kelley, 2010) . While the factors that regulate expression of Ngn1 within the otocyst remain poorly understood, the transcription factor Tbx1, which is normally expressed in a complementary pattern to Ngn1 within the otocyst, appears to play a role in limiting the extent of Ngn1 expression. Deleting Tbx1 leads to an expansion of the Ngn1 expression domain (Jerome & Papaioannou, 2001; Raft, Nowotschin, Liao, & Morrow, 2004; Vitelli et al., 2003) , whereas ectopically expressing Tbx1 suppresses Ngn1 and neuronal fates along with increasing the size of inner ear sensory structures (Funke et al., 2001) .
Following neuroblast delamination, the remaining otocyst cells are thought to become compartmentalized. At least three studies have demonstrated specific defects in structures that arise from a specific region of the otocyst following deletion of a gene that is expressed within that region at the otocyst stage. Hmx3 and Dlx5 both mark the dorsolateral compartment of the otocyst (Acampora, Merlo, et al., 1999; Depew et al., 1999; Hadrys, Braun, Rinkwitz-Brandt, Arnold, & Bober, 1998; W. Wang, Van De Water, & Lufkin, 1998) and mice deficient for either of these genes show very similar semicircular canal malformations, structures that arise from this region. Otx1 is expressed in a posteroventrolateral domain of the otocyst that includes the presumptive lateral crista, and Otx1-null mutant mice lack the lateral crista as well as the associated lateral canal (Acampora, Avantaggiato, et al., 1999; Morsli et al., 1999) . Finally, as discussed, deleting Pax2, which becomes restricted to the medial wall of the otocyst, results in agenesis of the entire auditory apparatus, but vestibular structures usually develop normally (Torres et al., 1996) .
Recently, studies have identified two genes, Sox2 and Jagged1 (Jag1), that are expressed in the sensory progenitor domain prior to sensory cell formation and play key roles in the establishment of the prosensory cell population (Kiernan et al., 2005; Lewis, Frantz, Carpenter, de Sauvage, & Gao, 1998; Morrison, Hodgetts, Gossler, Hrabe de Angelis, & Lewis, 1999) . A. E. Kiernan et al. (2005) reported that the prosensory cell population is absent in the inner ears of mice in which the transcription factor Sox2 is not expressed in the inner ear. Similarly, deleting Jag1, a ligand for Notch receptors, within the inner ear leads to a significant reduction in the number of hair cells and supporting cells suggesting a role similar to that of Sox2 (Kiernan, Xu, & Gridley, 2006) . Analyses of prosensory cell markers indicated a significant or complete loss in both Sox2 and Jag1 mutants, supporting the hypothesis that prosensory cells are absent or significantly reduced in both mutants. However, recent studies in which all Notch signaling was eliminated from the inner ear through deletion of the Notch-effecter gene, Rbpj, indicated that the initial expression of Sox2 is largely normal (Basch, Ohyama, Segil, & Groves, 2011; Yamamoto, Chang, & Kelley, 2011) . These results suggest that Sox2 probably acts upstream of Jag1 and Notch signaling in the formation of prosensory cells but that Notch is required for maintenance of the prosensory domain. Gain of function experiments in which either Sox2 or Notch signaling has been ectopically induced within nonsensory cells of the inner ear indicate that expression of either pathway is sufficient to induce the formation of ectopic prosensory cells (Dabdoub et al., 2008; Daudet & Lewis, 2005; Hartman, Reh, & Bermingham-McDonogh, 2010; Pan, Jin, Stanger, & Kiernan, 2010) . Overall these results suggest that Sox2 and/or Notch signaling directs otocyst cells toward a prosensory fate.
As discussed, terminal mitosis plays a key role in the determination of the number of prosensory cells that will develop within the cochlea. Extensive previous research has identified a number of molecules that play a role in regulation of the cell cycle both during development and in cancer. The first of these to be examined in the cochlea was the cyclin-dependent kinase inhibitor, Cdkn1b (also known as p27 kip1 ). Cdkn1b is initially expressed in a pattern that essentially matches, but slightly precedes, the pattern of terminal mitoses and deletion of Cdkn1b leads to prolonged proliferation and an overproduction of hair cells and supporting cells (Chen & Segil, 1999; Lowenheim et al., 1999) . These results demonstrate the importance of cell cycle control and, in particular Cdkn1b, in regulating the number of prosensory cells. However, even in the absence of Cdkn1b, terminal mitosis of prosensory cells is only delayed by several days, indicating that other cell cycle regulators are also important (Sage et al., 2005) . In fact, additional results have demonstrated similar roles for other cell cycle regulators, including Rb, Rbl2 (p130), Cdkn2d (Ink4d), Cdkn1a (p21cip1) and CyclinD in the inhibition or promotion of proliferation in both prosensory cells and differentiated hair cells and supporting cells (Laine et al., 2007; Laine, Sulg, Kirjavainen, & Pirvola, 2010; Mantela et al., 2005; Rocha-Sanchez et al., 2011) .
The final key step in cochlear development to be discussed is the commitment of prosensory cells to a hair cell fate. A number of studies have demonstrated that the bHLH protein Atoh1 (formerly known as Math1) is a commitment factor that drives prosensory cells to develop as hair cells. All hair cells, both auditory and vestibular, are absent in Atoh1 mutant mice (Bermingham et al., 1999; Woods, Montcouquiol, & Kelley, 2004) and forced expression of Atoh1 is sufficient to induce a hair cell fate both within the prosensory domain (Jones, Montcouquiol, Dabdoub, Woods, & Kelley, 2006) and even in nonsensory regions of the cochlea . These results indicate that Atoh1 is both necessary and sufficient for hair cell formation and suggest that Atoh1 acts at a very early time point in the molecular cascade that leads to hair cell formation.
It is important to consider that the number of cells that will develop as hair cells is not solely determined by Atoh1. Soon after Atoh1 expression is initiated within the prosensory population, Notch signaling is also activated as a result of the onset of expression of several Notch ligands within developing hair cells (Lanford, Shailam, Norton, Gridley, & Kelley, 2000; Murata, Tokunaga, Okano, & Kubo, 2006; Zine, Van De Water, & de Ribaupierre, 2000) . Notch activation acts to prevent some Atoh1-positive cells from developing as hair cells, as disruption of Notch signaling in late embryonic or neonatal cochleae results in an increase in the number of cells that maintain Atoh1 expression and become committed to develop as hair cells (Lanford et al., 2000; Takebayashi et al., 2007; Yamamoto et al., 2006; Zheng, Shou, Guillemot, Kageyama, & Gao, 2000) . This change occurs as a result of disrupting lateral inhibition between adjacent prosensory cells and is presumed to also play a role in forming the hair cell-supporting cell mosaic. In addition, several other factors have been shown to regulate Atoh1 expression within prosensory cells. The prosensory factor Sox2, a family of bHLH-related molecules known as inhibitors of differentiation (Ids), Ngn1, and Fibroblast Growth Factor 3 (Fgf3) also regulate hair cell number by modulating Atoh1 expression (Dabdoub et al., 2008; Jones et al., 2006; Millimaki, Sweet, Dhason, & Riley, 2007; Raft et al., 2007) .
In summary, our understanding of inner ear development has expanded dramatically in the last 10 years, particularly in terms of identifying how signaling and transcriptional pathways are coordinated to direct cells from the otic placode stage to mature sensory epithelia. In particular, Atoh1 and Notch signaling have emerged as potential targets that could be modulated to direct stem cells toward a hair cell fate in potential regenerative therapies G. P. Wang et al., 2010; Zhao et al., 2011) .
General Features of Stem Cells
A stem cell is basically defined by two characteristics: selfrenewal, the ability to give rise to new stem cells, and multipotency, the ability to differentiate into multiple cell types. Embryonic development is dependent on a population of stem cells that arise from the single fertilized egg. The initial cells within the early blastocyst are truly totipotent in that they give rise to both extraembryonic structures such as the placenta, as well as every cell type within the adult. This totipotency is lost after the first few cell divisioins, with embryonic stem cells (ESCs) isolated from the inner mass of the blastocyst retaining the capacity to contribute to the three germ layers of the embryo (ectoderm, mesoderm, and endoderm), but losing the capacity to generate extraembryonic structures (Hayashi & Surani, 2009; Surani, Hayashi, & Hajkova, 2007) . As development continues, the ESCs within the inner cell mass continue to divide to give rise to additional cells that will become progressively restricted to a specific lineage and, in most cases, ultimately to a specific cell type. Once these cells are fully differentiated, they are no longer considered stem cells. However, as will be discussed below, stem cells are retained in some adult tissues.
Adult tissue-specific stem cells, also referred to as somatic stem cells, are small cell populations that reside in somatic tissues. These cells can self-renew and differentiate into specialized cell types. They function to maintain tissue homeostasis throughout life and can also play a role in tissue regeneration. Bone marrow contains a population of hematopoietic stem cells (HSCs), derived from early ESCs, that generate different blood cell types throughout life (Huang, Cho, & Spangrude, 2007) . Tissue-specific stem cells have also been identified in a variety of tissues such as the brain, lung, and liver (C. F. Landgren & Curtis, 2010; Schwartz & Verfaillie, 2010) . However, the regenerative ability of each of these stem cell populations is highly variable.
In 2006, stem cell research took a significant step forward when it was demonstrated that forcing the expression of only four genes, Sox2, Pou5f1, Klf4, and Myc, is sufficient to induce pluripotency in many different adult cell types, including easily obtained cells such as fibroblasts (Takahashi et al., 2007; Takahashi & Yamanaka, 2006) . These induced pluripotent stem cells (iPSCs) offer several advantages over ESCs. In particular, ethical concerns are significantly reduced and because iPSCs can technically be created from any individual, cells derived from those iPSCs can be transplanted back into the same person without concern of immunological rejection. While there are differences between ESCs and iPSCs that we are only beginning to understand, the ability to generate iPSCs provides the potential to use fibroblasts from any individual to generate replacement cell types that could then be transplanted back into that person.
Stem Cells in Nonmammalian Inner Ears
As we have discussed, in contrast with mammals, all other vertebrates apparently retain the ability to generate hair cells throughout their adult lives. This phenomenon has been best studied in two different systems: the auditory epithelium of birds, referred to as the basilar or avian papilla, and the lateral line neuromasts in zebrafish. Both of these systems provide evidence for the presence of multipotent, self-renewing cells that retain the ability to develop as new hair cells and supporting cells. In the avian papilla, hair cell loss causes two different responses in surrounding supporting cells. In some cases, a subset of these cells will reenter the cell cycle and divide, giving rise to daughters that can differentiate as new hair cells and/or supporting cells (Corwin & Cotanche, 1988; Ryals & Rubel, 1988) . In other cases, a surrounding supporting cell(s) will undergo a phenotypic change in which the cell directly develops into a hair cell with no intervening proliferation, a process referred to as transdifferentiation (Adler & Raphael, 1996; L. Li & Forge, 1997; Roberson, Alosi, & Cotanche, 2004) . These observations suggest that the avian supporting cell population may be heterogenous with some cells terminally differentiated while others exist as stem/progenitor cells. The demonstration that individual birds may mount multiple hair cell regenerative events over the course of their lives (Oesterle & Rubel, 1993) suggests that at least some of the cells within the avian papilla must be stem cells. However, studies in which different mitotic tracers have been used to visualize the population of cells that reenter the cell cycle following repeated insults indicates that supporting cells that divide in response to one insult rarely divide in response to a second (Stone, Choi, Woolley, Yamashita, & Rubel, 1999) , suggesting that a distinct stem cell population may not exist within the papilla. Instead, a large population of supporting cells may retain some limited stem cell-like abilities. The molecular signaling pathways that enable avian supporting cells to reenter the cell cycle and to differentiate as new hair cells remains to be determined, but gene profiling experiments have identified some potentially interesting candidates (Hawkins et al., 2003 (Hawkins et al., , 2007 . Perhaps not surprisingly, many of the developmental signaling pathways and molecules discussed in the previous section are reactivated during regeneration including Pax, Notch, Atoh1, and Cdkn1b (Hawkins et al., 2007) .
The zebrafish lateral line provides an intriguing model for the study of hair cell regeneration. The lateral line comprises a series of mechanosensitive clusters of hair cells, referred to as neuromasts, arrayed along the surface of the animal. As is the case for the avian papilla, damaged hair cells are replaced through a regenerative process. In addition, because the neuromasts are located on the surface of the animal rather than imbedded in the skull, direct visualization of regeneration is possible. Each neuromast contains three distinct cell types: hair cells, supporting cells that are located in direct contact with hair cells, and a second population of supporting cells, referred to as mantle cells that are located at the periphery of the neuromast. Time lapse videos of ongoing regeneration supports observations in the chick, indicating that lost hair cells can be replaced through either transdifferentiation of surrounding putative supporting cells or through proliferation of supporting or mantle cells (Hernandez, Moreno, Olivari, & Allende, 2006 ; E. Y. Ma, Rubel, & Raible, 2008) .
Interestingly, a recently published study has identified Phoenix as a gene that is required for supporting cell proliferation and, therefore, for hair cell regeneration, but that does not seem to play a role in other regenerative events (Behra et al., 2009 ). These results suggest that supporting cells can act as stem cells in hair cell epithelia of nonmammalian vertebrates. Moreover, the ability to visualize living lateral line neuromasts, along with an extensive battery of genetic and transgenic zebrafish lines should lead to significant insights in coming years.
Is There Any Evidence for Stem Cells in the Mammalian Inner Ear?
Functional regeneration does not occur in the mammalian inner ear. Does this necessarily mean that the sensory epithelia of the mammalian inner ear are devoid of regenerative ability and/or stem cells? This possibility was initially pursued in two studies in which the possibility of limited regeneration was examined in adult utricles from guinea pigs and humans (Forge, Li, Corwin, & Nevill, 1993; Warchol, Lambert, Goldstein, Forge, & Corwin, 1993) . In an in vitro study, Warchol et al. (1993) treated explant cultures of the utricular sensory epithelia established from either adult guinea pigs or humans (obtained through labyrinthectomy surgery related to acoustic neuromas) with concentrations of aminoglycoside antibiotics that were sufficient to kill hair cells. Based on the regenerative process in the avian papilla, cellular proliferation was assayed using a mitotic tracer. A limited number of proliferative cells were observed within the epithelia within 2 to 4 days of the end of the aminoglycoside treatment and a small number of possibly regenerated hair cells were observed after 4 weeks. In an accompanying study, Forge et al. (1993) found evidence of a limited number of immature hair cells in the utricles of guinea pigs that had been treated with aminoglycosides in vivo. Subsequent work from several laboratories presented evidence for both limited proliferation and transdifferentiation in adult utricles in response to hair cell loss (Rubel, Dew, & Roberson, 1995; Stone, Oesterle, & Rubel, 1998) . While the number of new hair cells generated is apparently insufficient for a recovery of function, the results are consistent with the presence of a small number of stem/progenitor cells within the adult utricular epithelia.
This conclusion was supported by demonstrating that a subset of isolated cells from an adult mouse utricle will proliferate and form spheres, a hallmark of stem cell identity (H. Li, Liu, & Heller, 2003) . Moreover, the progeny of these spheres were shown to be multipotent with the ability to give rise to a variety of cell types, including mechanosensory hair cells when transplanted into an appropriate environment, such as the developing chick otocyst. Therefore, these cells, while small in number (representing only 0.025% of the cells within a utricle), posses the most important characteristics of stem cells, capacity for self-renewal and multipotency. More recently, a study was conducted to determine whether similar cells are present within the mouse cochlear epithelium. Using a similar technique, sphere-forming cells were isolated from neonatal cochleae of mice (Oshima et al., 2007) . However, the number of cochlear cells with the ability to form spheres declines rapidly such that by the third postnatal week sphere-forming cells can no longer be isolated, suggesting that stem cells are no longer present in this epithelium. It is important to consider that in both of these studies, inner ear stem cells were identified based on function, rather than morphology. Whereas this method of identification is ultimately more relevant, it would be very useful to visualize the number and location of stem cells within different inner ear epithelia. In other systems, stem cells can be marked based on expression of specific cell surface markers. If similar markers could be identified for inner ear stem cells, it might be possible to trace these cells backwards in time to their point of origin within the otocyst, as well as to characterize their potentially unique pattern of gene expression. Whereas the identities of inner ear stem cells have not been confirmed, recent results provided some insights regarding their possible positions and developmental potential. As discussed, the cell cycle inhibitor, Cdkn1b is initially expressed in all cochlear prosensory cells, but shortly after birth expression is restricted to supporting cells (Chen & Segil, 1999) . A transgenic mouse expressing GFP under control of the Cdkn1b promoter was used to isolate the supporting cell population from postnatal mouse cochleae by fluorescenceactivated cell sorting (White, Doetzlhofer, Lee, Groves, & Segil, 2006) . When these cells were cocultured with periotic mesenchymal cells, a subset were able to reenter the cell cycle and give rise to daughter cells that expressed the hair cell marker Myosin VI, suggesting that, at least in vitro, purified postnatal mammalian supporting cells can divide and transdifferentiate into hair cells through a combination of mitotic and nonmitotic mechanisms. In addition, the same study suggested that two specific types of supporting cells, pillar cells and Hensen's cells, may possess a significantly greater potential to develop as hair cells. Whereas the ability of supporting cells to develop as hair cells in vitro was lost with age, the results were consistent with the hypothesis that in the early postnatal cochlea, some supporting cells retain stem cell characteristics.
A final study that may support the idea that some supporting cells retain "stem cell-like" characteristics is work in which an adenoviral vector forced the expression of Atoh1 in chemically damaged cochleae from adult guinea pigs (Izumikawa et al., 2005) . Following 2 months of recovery, Atoh1-treated ears showed significantly better hearing by auditory brainstem response measurements by comparison with ears that received no treatment or infection with a virus that expressed only GFP. Scanning electron microscopy also showed numerous stereocilliary bundles in the Atoh1-treated ears. The authors speculated that Atoh1 treatment caused hair cell regeneration and improved hearing in deafened animals although they also mentioned that the ability of the tissue to respond to forced expression of Atoh1 and to reorganize the new hair cells generated by Atoh1 may depend on the mechanism of deafening, the timing of treatment after deafening, and the degree of differentiation of the surviving nonsensory cells. There are some significant issues to be considered regarding this study. One plausible alternative explanation for the improved hearing and stereocilliary bundle morphology is that Atoh1 acted as a protective factor for the hair cells during the apoptotic process that follows an ototoxic insult. While further studies are clearly required, these results could suggest the presence of progenitor or stem cell-like cells that retain some potential to develop as mechanosensory hair cells within the mature cochlea.
Another possible source of stem cells within the cochlea are bone marrow-derived cells that are present in adult mouse cochleae in a noninjured state (Lang et al., 2006; Okano et al., 2008) . The results of these studies suggest that mesenchymal cells in the adult inner ear are derived continuously from HSCs in the bone marrow, and replaced slowly over a period of months. Although the majority of HSCderived cells within the inner ear differentiate into fibrocytes or resident macrophages, the possibility that some of these HSCs could develop as replacement of hair cells remains an intriguing hypothesis. Hirose et al. (2005) reported that bone marrow-derived cells are attracted to the cochlear sensory epithelium when the cochlea is insulted by acoustic overstimulation. The same study also showed that the majority of these cells are inflammatory cells, such as macrophages. However, because inflammation and tissue-repair seem to be closely related processes, it might be possible to induce these HSCs to develop with alternate cell fates under some circumstances.
In summary, stem/progenitor cells are clearly present in inner ear sensory epithelia of nonmammalian vertebrates and these cells can generate a significant regenerative response. In contrast, in the mammalian inner ear, stem/progenitor cells are present in young epithelia, but their numbers decrease significantly (in the cochlea they apparently drop to zero) over time. HSCs can also be found in the mature inner ear, but to date these cells have not been found to develop as hair cells.
Can Stem Cells Develop as Functional Hair Cells?
As discussed, the ability to isolate, expand, and then direct stem cells toward a specific cell fate holds great potential for both clinical and basic auditory research. However, a key step in this process is the demonstration that an isolated stem cell can develop as a functional hair cell. Oshima et al. (2010) recently demonstrated that a stepwise protocol that mimics early embryonic development can be used to direct ESCs toward an inner ear, and, subsequently, a hair cell fate. ESC-induced hair cells generated in this manner express genes that are consistent with hair cell formation and develop a stereocilliary bundle-like protrusion that is consistent with a hair cell phenotype. Most importantly, electrophysiological studies demonstrate functional stereociliary bundles and mechanosensitivity in these ESC-derived hair cells. While these results offer definitive proof of the ability to drive ESCs to develop as functional hair cells in vitro, it is important to consider several caveats. First, the differentiation protocol required the use of an undefined, and potentially contaminating, population of chicken stromal cells and second, even with the inclusions of these cells, only 0.36% of the plated ESCs developed as hair cells. Clearly, techniques must be developed to significantly enhance the efficiency of hair cell induction and to purify the ESC-derived hair cells from surrounding nonhair cell ESCs and chicken stromal cells.
In the same study, Oshima et al. (2010) applied the same differentiation protocol to iPSCs derived from mouse fibroblasts. iPSC-derived hair cells appeared indistinguishable from ESC-derived hair cells, however, the efficiency of induction was reduced to 0.24%. Finally, S. J. Jeon et al. (2007) showed that endogenous bone marrow-derived stem cells can be induced to differentiate into cells with hair cell characteristics using a combination of treatment with growth factors to induce a neural progenitor phenotype followed by forced expression of the transcription factor, Atoh1. However, these cells were not characterized physiologically.
Overall, the results of these studies demonstrate that different types of stem cells can successfully be directed to a hair cell fate. However, the relative inefficiency of hair cell induction along with the requirement for unknown factors from chick stromal cells indicates that there is still much to be learned. The ability to generate significant numbers of hair cells from stem cells has the potential to contribute to breakthroughs in the search for additional factors that regulate hair cell development and function, as well as the identification of genetic, pharmacological, and environmental factors that may cause hair cell damage or malfunction.
Transplantation of Stem Cells to the Inner Ear
As discussed above, activation of an endogenous stem cell population within the inner ear would probably represent the ideal source for repair of the sensory epithelia. However, existing data suggest that the number of endogenous stem cells in a mature cochlea may be low to nonexistent. Moreover, the procedures/treatments needed to activate these cells remain unknown. Therefore, an alternative strategy might be to transplant exogenous stem cells into the inner ear (Figure 3 ). This approach would offer several advantages, such as the ability to activate and bias stem cells toward an inner ear or hair cell fate prior to transplantation, as well as several challenges, with the foremost being the difficulty in targeting transplanted cells to the correct portion of the cochlea. These issues will be discussed below.
Beginning with a pioneering study by Ito, Kojima, and Kawaguchi (2001) , numerous laboratories have transplanted different forms of stem cells into the inner ear (Han et al., 2010; Hildebrand et al., 2005; Parker et al., 2007; Sakamoto et al., 2004; Tateya et al., 2003) . The results obtained to date have been varied. Whereas some of the transplanted cells have been shown to develop as potentially relevant cell types, including neurons, glia, and possibly hair cells and supporting cells, a far greater number of cells cannot be accounted for within several weeks of a transplant. Whether these cells die or leave the ear to ultimately settle elsewhere in the body is a crucial question that must be resolved. Moreover, assessing differentiation of specific cell types has relied heavily on cell type-specific markers, leaving open the issue of whether any of these cells are functional.
These results emphasize some of the issues that must be addressed before transplantation can be considered as a possible therapy for hair cell regeneration. Targeting of stem cells to the sensory epithelium represents a significant challenge. The hypothesis that stem cells might be targeted or attracted to sites of injury through the possible release of trophic factors, as has been reported in some instances (Kollet et al., 2003) , has not been supported. Moreover, the physical structure of the organ of Corti may include some daunting impediments to stem cells. Hair cell function depends on the maintenance of an electrochemical gradient between the endolymphatic and perilymphatic spaces. The series of tight junctions between the lumenal surfaces of hair cells and supporting cells that form the reticular lamina normally acts as the boundary between these spaces. When a hair cell is lost, the reticular lamina is disrupted, leading to a potential breach. To prevent such a breach, supporting cells surrounding a lost hair cell expand their lumenal processes to form a phalangeal scar that is thought to seal the opening. It seems likely that this scar would prevent or limit transplanted stem cells from gaining access to the organ of Corti from the endolymph-containing scala media. In addition, endolymph contains unusually high levels of potassium, which could be toxic to cells transplanted within this compartment. The basal surfaces of the supporting cells are positioned on the basilar membrane, a basement membrane composed of various forms of collagen. This membrane would also seem to pose a significant impediment for stem cell access from the scala tympani.
In addition to the challenges listed above, it is also important to consider that hair cells are not homogenous along the length or width of the cochlea. Longitudinal gradients in cellular morphology correspond with changes in frequency tuning while inner and outer hair cells are located in specific positions along the medial-to-lateral axis of the duct. Finally, to provide meaningful recovery of function, new hair cells must attract and form functional synapses with tonotopically appropriate spiral ganglion neurons. Whereas each of these factors has the potential to serve as a significant hurdle in the use of stem cells to replace lost hair cells, it is important to consider that appropriate hair cell identities and synaptic connections occur autonomously during development, suggesting that necessary instructive cues for hair cell phenotype and synaptic morphology may still be present within the epithelium. This is certainly the case in birds, where regenerated hair cells develop with location-specific stereocilia and make connections with tonotopically appropriate afferent neurons (Park, Girod, & Durham, 2002) . Further experiments are clearly required to determine the nature of these signals and whether similar signals persist in mammalian inner ears.
Alternative Uses of Stem Cells for Restoring Hearing in the Inner Ear
Another possible application for stem cells may be for the regeneration of spiral ganglion neurons. In humans, loss of spiral ganglion neurons is generally correlated with hearing loss (Zimmermann, Burgess, & Nadol, 1995) although there are reports of patients with significant numbers of spiral (1) Delivering cells directly to the organ of Corti would be ideal but poses several challenges related to its small size and relative inaccessibility. (2) Transplantation of stem cells to the spiral ganglion appears to be a more promising approach. Increasing the number of neurons within the ganglion could benefit the efficacy of cochlear implant. (3) Stria vascularis and spiral ligament. A substantial percentage of congenital hearing loss is caused by mutations in genes related to ion transport, gap junctional communication, and endolymphatic homeostasis. Therefore, transplantation of stem cells that express wildtype alleles of some of these genes could be an option for the treatment of hearing loss. (4) A final strategy might be to transplant genetically engineered cells that produce and secrete factors that might protect hair cells or attract spiral ganglion peripheral axons into the scala vestibuli or scala media. ganglion neurons despite long periods of profound deafness (Linthicum & Fayad, 2009; Teufert, Linthicum, & Connell, 2006) . In addition, spiral ganglion function is disrupted in some patients with auditory neuropathy spectrum disorder (ANSD; Manchaiah, Zhao, Danesh, & Duprey, 2011; Starr, Picton, Sininger, Hood, & Berlin, 1996) . Finally, the function and efficacy of a cochlear implant depends on the presence of residual spiral ganglion neurons although a strict correlation between ganglion number and outcome has not been established (Nadol, 1997) . These observations suggest that functional recovery of spiral ganglion neurons has the potential to enhance hearing rehabilitation in a number of different clinical contexts.
A number of laboratories have successfully derived neurons from stem cells and demonstrated that these cells will extend neurites toward the organ of Corti and innervate hair cells both in vitro (T. S. Matsumoto et al., 2008; Shi, Corrales, Liberman, & Edge, 2007) and in vivo (Coleman et al., 2006; Corrales et al., 2006; Hu et al., 2005; Okano et al., 2005) . However, to date none of these cells have been shown to form a functioning neuronal circuit or induce recovery of auditory function. These results, along with the comparatively easy surgical access to Rosenthal's canal, the site of the spiral ganglion, suggests that stem cellderived neurons could be used to reinnervate hair cells in ANSD patients with loss of spiral ganglion neurons or to form contacts with the electrodes of a cochlear implant. But, several important aspects of spiral ganglion anatomy must be considered. As discussed, tonotopically related gradients are present in spiral ganglion neurons although the roles of these gradients in auditory function are not completely clear. In addition, spiral ganglion neurons have a relatively unique bipolar morphology and any regenerated neurons would not only need to form appropriate connections with hair cells but would also need to establish appropriate contacts in specific target fields in the auditory brain stem.
The stria vascularis and spiral ligament could be additional targets for stem cell-based therapies. Mutations in genes coding for different junctional complexes within the stria vascularis or spiral ligament, lead to hearing loss (Nickel & Forge, 2008) . In addition, an age-related loss of fibrocytes in the spiral ligament has been reported in the basal portion of the cochlea in C57Bl/6 mice (Hequembourg & Liberman, 2001) , and acoustic overstimulation induces similar fibrocyte loss (Hirose & Liberman, 2003) . Transplanting stem cells encoding a wild type version of one of these genes could lead to repopulation and reorganization of the cellular components of the stria vascularis or spiral ligament. However, virtually nothing is known about the mechanism(s) underlying differentiation of different cell types within these structures. Therefore, it remains to be determined whether disorders in these structures could be treated with stem cells.
A final way in which stem cell transplantation might be used to treat hearing loss is to use genetically modified stem cells as vectors to produce factors that promote regeneration or regrowth of specific structures within the inner ear. This concept would be especially well suited for promotion of endogenous regeneration or repair through a secreted paracrine or endocrine factor such as a hormone or growth factor. For instance, spiral ganglion neurons have been shown to grow toward a source of a neurotrophin such as BDNF or NT3 (Agerman et al., 2003; Liebl, Tessarollo, Palko, & Parada, 1997; Qun, Pirvola, Saarma, & Ylikoski, 1999; Tessarollo, Coppola, & Fritzsch, 2004 ), suggesting that a source of one of these factors could promote regrowth. Moreover, since the inner ear contains three fluid-filled compartments, secreted factors produced by transplanted cells could potentially diffuse throughout a particular compartment. Although the development of this type of stem cell technology is at an early stage (Hakuba et al., 2005; Kesser & Lalwani, 2009; Okano, Nakagawa, Kita, Endo, & Ito, 2006) , it seems possible that such an approach could be used to improve the performance of cochlear implants in the future. Alternatively, genetically engineered stem cells secreting specific metabolic and/or humoral cues could be combined with a transplant of endogenous stem cells to augment regeneration in the inner ear.
Future Directions
Our understanding of the basic developmental pathways underlying hair cell formation has increased significantly in recent years. The ability to modify the mouse genome to delete specific genes either throughout the animal or in just a subset of tissues has become an indispensable tool in inner ear research. These technologies, along with a rapidly growing understanding of mutations underlying nonsyndromic hereditary deafness in humans, have significantly advanced our understanding of hair cell formation. However, the developmental regulation of many important aspects of hair cell formation and function remain unknown. For example, while the Atoh1 gene seems to be sufficient for hair cell formation, the downstream pathways that specify hair cell type (vestibular vs. auditory, inner vs. outer) are completely unknown. Similarly, the mechanisms that determine gradients in hair cell morphology along both the basal-to-apical and medialto-lateral axes of the cochlea have not been determined. The specific factors that initiate Atoh1 expression are just now beginning to be identified (Shi, Cheng, Wang, & Edge, 2010) and it is still not clear which cells within the embryonic inner ear have the ability to develop as hair cells. The regulators that direct embryonic cells along a lineage that ultimately leads to formation of a hair cell are understood at only a basic level (Oshima et al., 2010) . However, identifying these factors would have significant implications for specifying endogenous inner ear stem cells or their efficient differentiation of iPSCs as hair cell progenitors. Comparisons of the genetic pathways that are activated during the embryonic development of hair cells in mammals or hair cell regeneration in birds suggest that the molecular mechanisms are largely conserved (Cafaro, Lee, & Stone, 2007; Daudet et al., 2009 ). Yet mammals have lost the ability to reinitiate these programs. Are there mechanisms that suppress proliferation and regeneration of sensory cells in the mammalian inner ear, as is the case for other types of adult epithelia (Gurtner, Callaghan, & Longaker, 2007) ? If so, what are they? And, can we manipulate these pathways safely? The discovery of adult stem cells in the inner ear, as well as the ability to manipulate ESCs and iPSCs has opened an entire new avenue for hair cell regeneration. But, a better understanding of the specific factors that specify cells as hair cells is a crucial next step. Transplanting stem cells into the inner ear indicates that simple injection of stem cells into the cochlea is insufficient to regenerate a substantial number of hair cells or reconstitute a functional sensory epithelium. Clearly we must be able to exert more specific control over the fates of any cell types prior to introducing them into the ear. An important first step will be to define inner ear, stem and progenitor cells based on immunocytological markers, localization, clonal activity, and cell-type potency. In addition, as discussed, we believe that alternative strategies for the use of stem cells, such as for the regeneration of spiral ganglion neurons or in combination with conventional therapies such as cochlear implantation, should also be considered. Recent progress in the fields of development, regeneration, and stem cell biology has been more rapid and remarkable than at any other time. Although there is still much work to be done, we believe that the future for stem cell therapy is bright.
